"Plasma Tube" is proposed for nano particle transportation and for particle surface purification in this study. The well-controlled efficient nano particle transportation is realized by combining plasma actuation, electrostatic force and high oxidation potential of produced ozone in a tube. Nano particles in the plasma tube can be transported in axial direction with swirl. Nano particles near the inner electrode wall jump due to electrostatic force, which can suppress particle clogging in a tube. The characteristics of plasma induced flow, particle charging and ozone generation are experimentally clarified in this study for various electrode angles and electrical conditions. Finally, the powder transportation rate is quantitatively evaluated. The alumina powder with average diameter of 30 nm can be transported at the maximum rate of 2.8 mg/s at consumption power of as low as 0.35 W for the transportation distance of 100 mm.
Introduction
Recently, the particulate matter included in the exhaust gas from automobile and factories has been paid attentions as one of the emerging environmental problems. The regulation for the SPM or PM 2.5 exhaust is now becoming more strict every year. Especially, nano sized particles in the vehicle exhaust fumes bring more serious damage to human health because nano sized particles have higher risk to be deposited on lung alveoli. The innovative technology for the collection of fine or ultra fine particles and surface purification of contaminated particles has been demanded from industries intensively. Furthermore, in a material processing, the choking of the powder transportation tube often occurs for ultra fine powders of several tens of nano meter due to agglomeration of powders on the tube wall. The efficient transportation of ultra fine powders is also strongly required.
The authors have developed the dielectric barrier discharge tube (hereafter referred to as "plasma tube") as an innovative technology for ultra fine powder transfer (Shinohara et al., 2012 , Takana et al., 2015 . Our developed plasma tube has a dielectric barrier surface discharge (DBD) structure on its inner surface of a tube. The powder inside the tube is transported to axial direction with swirl due to induced flow by plasma actuator effect (Boeuf, et al., 2005 (Boeuf, et al., , 2007 . Furthermore, the power near the inner electrode takes charge in the discharge and the powder effectively jumps due to electrostatic force to suppress powder accumulation and clogging in the tube. During the discharge, reactive chemical species with high oxidation potential such as OH radical and ozone are generated inside the plasma tube, then the surface purification of the contaminated particles (Thevenet, et al., 2014) or surface modification of the particles, such as enhancing powder hydrophilic characteristics can be expected by these highly reactive species (Borcia, et al., 2003 , Yamamoto, et al., 2004 .
In this study, the fundamental characteristics of the plasma tube were quantitatively clarified, such as discharge characteristics, plasma induced flow field visualized by stereo-PIV measurement (Prasad, 2000 , Shekhar, et al., 2012 , powder charging characteristics and powder transfer ratio. The fundamental experimental data were provided for ultra fine powder transportation by developed plasma tube through clarifying the effects of electrode angles and electrical conditions on its fundamental characteristics. Figure 1 shows the cross-sectional view of the developed plasma tube. The inner diameter of the plasma tube is 20 mm and the tube is made of polytetrafluoroethylene (PTFE) as dielectrics. The thickness and length of the tube are 0.3 mm and 100 mm, respectively. Two copper electrodes with 5 mm width are spirally wrapped both on the inner and outer surfaces of the tube with interval of 3 mm and 4 mm alternately. The dielectric barrier discharge is generated on the inner surface of the tube. The three different plasma tubes with electrode angle of  = 35 o , 45 o and 60 o are prepared for the experiment. As shown in Fig.1 , electrode length and discharge area increase with electrode angle for the fixed plasma tube length of 100 mm. Figure 2 shows schematic illustration of experimental setup. The sinusoidal voltage signal from function generator (NF Corporation, WF1973) is amplified to 13-17 kV pp (kV peak-to-peak) by high voltage amplifier (Matsusada Precision Inc., HAP-10B10). The sinusoidal voltage frequencies are set to 0.5, 1.0 and 1.5 kHz. Three dimensional induced velocity fields were measured by stereo-PIV method (Prasad, 2000 , Shekhar, et al., 2012 at 2 to 3 mm downstream from tube outlet. The total charge amount of plasma exposed alumina particles with average diameter of 30 nm was measured using Faraday cage. The alumina powder was oven-dried at 150 o C for 2 hours to prevent aggregation in order to maintain the same powder condition for experiments. Ozone generation characteristics were clarified through measurement of its concentration inside the tube by ultraviolet absorbance method (Okitrotec, OZM-5000GW2).
Experimental Setup and Measurement Systems
For the stereo-PIV measurement (Flowtech Reseracch, FtrPIV-Stereo), oil mist of average diameter of 1 to 10 micro meter is seeded to the flow as a tracer. The laser beam from a double-pulse Nd:YAG laser system of 30 mJ/pulse energy output at the wavelength of 532 nm with a repetition rate of 15 Hz (Quantel, Twins ultra). The laser beam is converted into a horizontal light sheet of which thickness is 2.0 to 3.0 mm by a set of mirrors with spherical and cylindrical lenses. The tracer images in the plasma induced flow are taken by two high-speed CCD cameras. The exposure time of the camera is set to 4992 s and the time between two pictures is 200 to 500 s depending on operating conditions. In order to measure the powder transportation rate by the plasma tube, alumina powder with average diameter of 30 nm is continuously introduced into the inlet of the tube by a ultra-fine powder feeder (Aishin Nano Tech, TF-70-EC) at the feeding rate of 5.3 mg/s, which is the minimum feeding rate of the feeder. The powder feeder is placed at 13 mm above the tube axis at 100 mm downstream from the tube outlet. There is a small hole created on the tube wall and the powder is continuously introduced from the hole. The averaged powder transfer rate was estimated by measuring time variation of tube weight for 30 second. The averaged powder transfer rate is obtained as the difference between powder feeding rate and time-derivative of tube weight. This difference should be zero if all the feeding powder is transported by the plasma tube. o . The multiple spike-like current pulses of ~0.3 A flows for the increasing positive applied voltage and lower multiple current pulses of ~20 mA flows for the decreasing negative applied voltage. This is the typical current waveform of DBD discharge with exposed electrode (Laurentie, et al., 2009) . (Becker, et al., 2005) . The power consumption increases almost linearly with applied voltages for all the electrode angles. The power consumption for electrode angle of 60 o is higher than that with 35 o or 45 o because of relatively larger discharge area for the fixed tube of 100 mm as mentioned in section 2. The power consumption also increases with voltage frequency. The power consumption is 1.4 W at the highest for 15.7 kV pp , 1.5 kHz with electrode angle of 60 o among these experimental conditions. The power consumption divided by discharge area becomes almost the same for voltage frequencies regardless of electrode angle as shown in Fig. 6 . This result shows that the power consumption depends on the discharge area variation with electrode angle. The discharge induced flow is a swirling flow with axial, azimuthal and very small radial component. The flow is induced only in the vicinity of tube inside wall where plasma is generated and its axial velocity is approximately 50 cm/s. It is clearly shown from these figures that induced flow is accelerated and higher swirl is obtained with applied voltage and frequency. It was also confirmed from this measurement that the liquid droplet such as oil mist can be also transported by the plasma tube. Figure 8 shows the dependence of electrode angle on swirling ratio of the induced flow for 16.7 kV pp at 1.0 kHz. The swirling ratio is defined as the ratio of azimuthal velocity to the axial velocity. The swirling ratio decreases with electrode angle. The swirling ratio is almost coincident with the value of tan( 90 o -), which means that the flow is induced perpendicular to the electrode. This result shows that the swirling ratio can be controlled by electrode angle. The correlation between electrode angle and swirl ratio of the discharge induced flow for 16.7 kV pp at 1.0 kHz. The flow is induced perpendicular to the electrode, therefore, the swirling ratio can be controlled by the electrode angle. Because the residence time of particles is decided by swirling ratio, electrode angle should be larger for increasing particle transportation, or should be smaller for increasing particle residence time for particle surface treatment by discharge generated radicals and ozone. o , higher flow rate can be obtained at lower frequency even under the same discharge power. The maximum flow rate in this experiment was 7.5 l/min for power consumption of 1.4 W using the tube with electrode angle of 60 o . The characteristics of specific driving force is relatively well corresponds to that of induced axial volume flow rate. The maximum specific driving force of 12 N/kWh can be obtained at power consumption of 1.4 W for electrode angle of 60 o among experimental conditions as shown Fig. 10 . Figure 11 shows radial distribution of produced ozone concentration measured at 5 mm upstream from the tube outlet without powder. Applied voltage and frequency are 15.3 kV pp and 1.0 kHz, respectively. Ozone is one of the strong oxidant and it is rather good indicator of powder surface purification or surface modification to clarify ozone generation characteristics by the plasma tube (Manley, 1943 , Nishiyama, et al, 2008 ). The outer diameter of the sampling tube for ozone measurement is 6 mm and the sampling flow rate is set to as low as 0.1 L/min, which is much lower than plasma induced flow rate. The ozone concentration is higher in the vicinity of tube inner wall and decreases toward the center of the tube for all electrode angles. The plasma generated ozone is transferred to the center mostly by molecular diffusion. As mentioned in Fig. 8 , higher swirl is obtained by decreasing electrode angle. In the case of electrode angle of 35 o , the swirl ratio of plasma induced flow is higher and more ozone is efficiently transferred to the center due to rather long flow residence time. This result shows that the electrode angle should be smaller for enhancing powder surface purification or hydrophilic characteristics with increasing swirl ratio, in other words, powder residence time in the plasma tube. It is important to experimentally clarify the effect of plasma produced radicals on powder surface morphology or hydrophilic property during powder transportation by plasma tube as a future study based on the previous studies (Borcia, et al., 2003 , Yamamoto, et al., 2004 . Radial distribution of ozone concentration measured at 5 mm upstream front the tube outlet. Ozone concentration is the highest near the tube wall, where the plasma is generated. The produced ozone is transferred to the center by molecular diffusion. In the case of electrode angle of 35 o , the diffusion is enhanced due to longer residence time of the induced flow with stronger swirl.
Flow and ozone generation characteristics
Photo of alumina powder transportation by induced plasma internal flow. Initially placed alumina particles with average diameter of 30 nm are transported in the axial direction by applied voltage without external gas flow. Figure 12 shows photos of alumina powder transportation with average diameter of 30 nm by applying 17.0 kV pp at 1.0 kHz. The photo is taken at 60 fps. The initially placed powder on the inner wall of the tube is successfully transported to axial direction and exhausted just by plasma induced internal flow. Although it cannot be observed from the figure, the electrically charged particles jump around on the edge of the exposed electrode by electrostatic force. Therefore, the powder is considered to be transported by plasma actuation coupled with electrostatic mixing through the observation of powder transportation experiments. Figure 13 shows specific particle charge for power consumption in a plasma tube with electrode angle of 60 o . The particle charge is an important parameter for the particle electrostatic mixing and also for the possible suppression of particle aggregation due to the repelling Coulomb force acting between charged particles with the same polarity. The alumina powder with average diameter of 30 nm was placed inside the tube near inlet without applying voltage. The powders are transported at the instant of applied voltage and the transported powder was collected at the outlet of the tube for the measurement of particle charge by Faraday cage method. The measured specific particle charge was of the Power (W) Specific particle charge against power consumption for the electrode angle of 60 o . The specific particle charge shows maximum value around the consumption power of 0.5 W. The particle charge decreases for the consumption power higher than the optimum value because of the increase in the particle density in the plasma and decrease of particle residence time in the tube.
Powder transportation characteristics
Powder transfer rate for consumption power. Alumina powder with average diameter of 30 nm is transported by a plasma tube. The transfer rate linearly increases with consumption power and the maximum powder transfer rate of 2.8 mg/s is obtained at 0.35 W for transportation distance of 100 mm.
order of 10 -6 C/g and the specific particle charge shows maximum at around consumption power of 0.5 W. The induced flow rate increases with consumption power as shown in Fig. 9 . For the relatively higher consumption power than 0.5 W, the amount of powder exposed in the plasma increases and also the particle residence time in the tube decreases to obtain charge. This could be the reason for the existence of optimum consumption power for particle charge. Particles obtain electric charge by filed charging (Pauthenier and Moreau-Hanot, 1932) or diffusional charging (White, 1951) . Considering the size of particles and discharge frequency, the diffusion charging is dominant compared with field charging (Jaworek, et al., 2013) . The electric charge by diffusional charging can be estimated by the White's equation (White, 1951) and the theoretical value is 9.3x10 -3 C/g (3.3 e/particle) for the typical experimental conditions of this study. The measured charge is in the range of 0.91x10 -6 to 3.8x10 -6 C/g and it is approximately 0.01-0.04 % of the theoretical value. The ratio of plasma layer to the tube cross sectional area is only 0.04 %, therefore the measured value is quite reasonable if it is assumed that the particles are uniformly dispersed in the tube and all the plasma exposed particles obtain the charge. Figure 14 shows powder transfer characteristics by plasma tube. Because discharge is a little suppressed by in-flight or wall attached powder, the consumed power is smaller compared to the values shown in the previous figures even under the same experimental conditions. The averaged powder transfer rates are less than inlet powder feeding rate in all the cases, thus, 5.3 mg/s could be much larger than the maximum flow rate by the plasma tube used in this study. However, it has been quantitatively verified from this experiment that the powder transportation rate can be controlled by the plasma consumed power. Although some powder stays at the inlet of the tube or attaches on the tube wall between electrodes and powder remains inside of the tube, the influence of remained powder on the discharge is relatively small and the constant transportation rate was realized during the measurement time of 30 sec. In the case of electrode angle of 60 o , the powder transportation rate almost linearly increases with consumption power for all the frequencies. Powder can be transported at maximum of 2.8 mg/s for consumption power of 0.35 W for the transportation distance of 100 mm.
Conclusions
The fundamental characteristics of the developed plasma tube for nano powder transportation have been experimentally clarified. The obtained results can be summarized as follows.
(1) It has been clarified from a stereo-PIV measurement that the plasma induced flow in a plasma tube is a swirling axial flow with very small radial velocity component for small consumption power. The flow is induced only in the vicinity of inner tube wall where plasma is generated. The swirl ratio depends on electrode angle and the swirl ratio decreases with electrode angle. (2) The concentration of generated ozone is the highest near the inner tube wall and it defuses toward the center of the tube. The ozone concentration becomes more uniform in the cross section of the tube for smaller electrode angle with increasing swirling ratio, i.e. longer residence time of the induced flow. (3) There is an optimum electric power for the specific particle charge. The specific particle charge decreases for higher power consumption due to decrease in particle residence time in a tube with enhancement of plasma induced flow. (4) The powder transportation by plasma tube has been quantitatively evaluated using alumina powder with average diameter of 30 nm. The powder transportation rate increases with plasma power consumption. The powder can be transported at 2.8 mg/s at consumption powder of 0.35 W for the transportation distance of 100 mm using a plasma tube with electrode angle of 60 o .
